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Abstract: In the past decades, food consumption in China has undergone a rapid increase and a
significant structure transition, as a result of population growth and economic development. The
food system is increasingly threatening the environment by depleting water resources, deteriorating
water bodies, aggravating climate change, degrading ecosystems, etc. It is significant to understand
how food consumption affected the environment and how its impacts were driven in the historical
period. This study reveals the environmental impacts of China’s food system from 1961 to 2017 from
a consumption perspective by assessing water, carbon, and ecological footprints. The logarithmic
mean Divisia index method was used to examine the drivers of the growing environmental footprints.
The assessment results show that all three environmental footprints have had a drastic increase of
more than two times during the studied period, which indicates the high environmental pressure
posed by food consumption. We also found that, before the 1980s, the main driving forces of the
increasing footprints were population and per capita energy intake. From 1984, the diet pattern
started to take a positive effect and then became the dominant driver of the growing environmental
footprints after the end of the 1990s.

Keywords: water footprint; carbon footprint; ecological footprint; food consumption; China

1. Introduction

China’s economy has achieved a great expansion in the past decades. Both population and
living standards have increased. The rapidly growing wealth and the urbanization are causing an
obvious diet transition in China [1]. Chinese diet preference had shifted from starchy foods, namely
tubers and cereals, to protein foods, especially red meats, which aggravates environmental pressure.
A large amount of natural resources is required in the life-cycle production of animal-based foods,
especially in growing forage crops [2,3]. For example, producing 1 kg of beef consumes an amount of
water equivalent to the 75% of daily water requirement of a person [4]. Livestock also contributes a
large proportion of global carbon emission [5,6]. An adequate food supply requires the support of
enough natural resources. Water resources, for instance, are already scarce in some regions because of
agriculture production [7]. The scarcity of natural resources accompanied by the rising need for food is
challenging sustainable development [8].

Food production can cause various negative environmental impacts. The water, carbon, and
ecological footprints are currently the three most concerned indicators when investigating the
environmental impacts of the food system [9,10]. The water footprint (WF) is a useful indicator
that can reveal the life-cycle water occupation in producing food [11]. An upward trend of water
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footprint of China’s food consumption has been proved by Zhang et al. [12]. Although population
growth is a great contributor to this growing water footprint [13], the effect of diet transition should
also be paid attention to. Researchers claimed that Chinese diet is transiting to a higher quality but
meanwhile more water resource is in demand to meet the upgraded diet [14]. Besides consuming
water, food system also produces a large amount of greenhouse gases [15]. Carbon footprint (CF) can
be used to indicate the direct and indirect greenhouse gas emissions in food system [16]. Compared to
the U.S., China has a higher intensity of carbon footprint in food production [9], so China should focus
more on the carbon emission from food system. A diet transition to the preference of animal-based
foods has led to a rapidly increasing of carbon footprint in China. If a sustainable diet is adopted, e.g.,
eating more plant-based foods, the carbon emission can reduce by up to 75% [17–19]. Kim et al. (2018)
proved the climate benefit of adopting a vegetarian diet, and their results emphasized the necessity of
reducing red meats consumption for climate action [20]. Besides water shortage and global warming,
another concern in China’s food system is the drastically increasing ecological footprint [21,22]. The
ecosystem is always a necessity for food production. Although the ecological resources can satisfy the
current requirement of China’s food production, China’s ecosystem will be greatly threatened by the
diet transition, i.e., eating more animal-based foods [23].

Food system needs to be kept within environmental limits. Food’s environmental impacts can be
reduced from producers and consumers [24]. Springmann et al. claimed that only making efforts from
the production side, e.g., increasing yield and improving technology, is not enough to keep a food
system within environmental limits, so food must be consumed in a sustainable way [25]. Davis et al.
called for less impactful diets to feed humans without posing any further pressure on environment [26].
Thus, understanding the environmental impacts in food system from consumption side is essential
to achieve sustainability goals. Adopting a sustainable diet is considered to be an effective way to
mitigate the environmental pressure from food consumption [27,28]. He et al. (2019) pointed out
that the changing food habits in China are becoming a challenge to environmental sustainability [27].
Environmental health and human health can co-exist when people follow dietary guidelines [28] and
reduce the consumption of animal-based foods with high environmental footprints [18,29,30].

Investigating how food consumption places pressure on the environment is of significance to
help policymakers in adjusting food supply structure and guiding people’s diet, thereby achieving a
sustainable food consumption. This study quantifies the water, carbon, and ecological footprints of
food consumption in China from 1961 to 2017. The logarithmic mean Divisia index (LMDI) method is
then used to decompose the change of footprint into three driving factors, namely, population, per
capita energy intake, and diet pattern. We reveal the environmental impact of food consumption and
examine its driving factors in the historical period.

Although there have been several studies have focused on the environmental footprint of China’s
food consumption, this study makes some further contributions by (1) adopting more recent data in
FAO food balance sheet (until 2017), (2) examining the drivers of three highly-concerned footprints
(water, carbon and ecology), and (3) identifying the crucial years when each driver started to take effect
and when it became predominant. These contributions can provide us with valuable implications
when making decisions in the future.

2. Methodology and Materials

2.1. Food Consumption Data

We derived the data of China’s food consumption during the period from 1961 to 2017 from the
Food Balance Sheets (FBS) that were compiled by Food and Agriculture Organization of the United
Nations (FAO) [31]. In FBS, the food data were collected from each country at the national level, and
then adjusted to ensure material is balanced, i.e., consumption plus export equals to production plus
import. For assessing the environmental footprint, we categorized the foods in FBS into 19 groups,
namely, maize, rice, wheat, other cereals, soybean, other pluses, nuts & seeds, roots & tubers, fruits,



Int. J. Environ. Res. Public Health 2020, 17, 1803 3 of 12

vegetables, vegetable oils, sugar, beef, pork, mutton and lamb, poultry, aquatic products, eggs, and
dairy products.

2.2. Water Footprint (WF) of Food Consumption

In this study, we adopted the concept from water footprint website [32]. Water footprint measures
humanity’s appropriation of freshwater in volumes of water consumed and polluted. To measure
the total WF of food consumption in China, the direct and indirect water use during the lifecycle of
foods are included. Three water footprints are considered, namely green water, blue water and grey
water. Green water means the rainwater required by plants [33]. Blue water refers to surface runoff

and ground water [34]. Grey water is the freshwater required to dilute polluted water [35]. The water
footprint intensity of each food in this study was obtained from the database build by Mekonnen and
Hoekstra [36,37].

Water footprint can be calculated using the following equation:

WF =
∑

(WFi × Foodintakei) (1)

where WF is the total water footprint, WFi indicate the water footprint intensity for food item i (WFI
contains green, blue and grey water), and Foodintakei refers to the consumption amount of food item i.

2.3. Carbon Footprint (CF) of Food Consumption

Carbon footprint measures the total amount of greenhouse gases (GHG) emissions that are
accumulated over the lifecycle of products [38]. The Intergovernmental Panel on Climate Change (IPCC)
proposed the global potential warming that is measured in CO2 equivalent to assess GHG emissions [39].
The coefficient of CF was derived from the footprint database in double food—environmental pyramid
model [40].

CF can be assessed using the following equation:

CF =
∑

(CFi × Foodintakei) (2)

where CF is the total carbon footprint and CFi is the intensity of carbon footprint for food item i.

2.4. Ecological Footprint (EF) of Food Consumption

Ecological footprint is designed to assess human demand on the environment [41]. EF accounts for
all kinds of ecological appropriation (including arable lands, forests, building sites, etc.) and converts
them into the same measurement unit, i.e., productive land hectare. The EF coefficients of foods in this
study were obtained from DFEP database [40].

The total EF of food consumption in China is:

EF =
∑

(EFi × Foodintakei) (3)

where EF is the total ecological footprint and EFi is the intensity of ecological footprint for food item i.

2.5. Environmental Footprint Intensity

Table 1 lists the environmental footprint intensity for each food group used in this study. According
to the original source of these intensities [36,37,40], the assessment boundary is from farm to farm gate,
i.e., the environmental footprints occur in stages of transportation, storage, distributing, etc. are not
considered in this study.
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Table 1. Environmental footprint intensities used in this study.

Food Items Water Footprint
(m3kg−1)

Carbon Footprint
(kg CO2eq kg−1)

Ecological Footprint
(gm2kg−1)

Beef 15.41 21.36 112.63
Lamb 5.26 10.44 76.00
Pork 5.99 4.19 24.58

Poultry 4.33 3.41 24.50
Dairy 2.32 1.43 30.00
Eggs 3.28 3.23 14.41

Maize 1.05 0.66 7.50
Rice 1.50 2.51 7.80

Wheat 1.62 0.94 10.63
Other cereals 1.50 1.33 8.76

Fruits 1.05 0.67 4.05
Vegetables 0.27 0.93 2.10

Oils 6.25 2.97 43.97
Soybean 2.44 1.00 21.50

Nuts & seeds 2.44 1.00 21.50
Pulses 2.44 1.00 21.50

Roots & tubers 0.56 0.18 3.00
Sugar 0.52 1.35 4.57

Aquatic Products 1.63 3.85 78.25

2.6. Logarithmic Mean Divisia Index(LMDI)

To quantify the contribution of each driving factor, we used the logarithmic mean divisia index
model [42] to conduct a decomposition analysis. The total environmental footprint is the product of
four parameters as shown in below:

F =
∑

P × E × Di × Ii (4)

where F indicates the environmental footprint, including water, carbon and ecological footprints; P is
population; E is the per capita energy intake and can indicate whether people obtain enough calories
to avoid hunger; Di is the proportion of food item i to total calorie intake (diet pattern), and therefore
can indicate the transition of people’s diet preference; Ii is the footprint intensity of food i.

This study is from consumption-side perspective, so we assumed that the footprint intensity
remains unchanged; this is saying that footprint intensity has no contribution to the change of
environmental footprint. Therefore, the change of environmental footprint (F′ − F) can be decomposed
into three driving factors, i.e., population, per capita energy intake, and diet pattern, which can be
expressed by the following equations:

F′ − F = ∆F = g(∆P) + g(∆E) + g(∆D) (5)

g(∆P) =
∑ F′i − Fi

ln
(
F′i

)
− ln(Fi)

ln
(

P′

P

)
(6)

g(∆E) =
∑ F′i − Fi

ln
(
F′i

)
− ln(Fi)

ln
(

E′

E

)
(7)

g(∆D) =
∑ F′i − Fi

ln
(
F′i

)
− ln(Fi)

ln
(

D′

D

)
(8)
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3. Results and Discussion

3.1. The Diet Change of Chinese Residents from 1961 to 2017

The daily per capita calorie intake is used to measure people’s food consumption. It increased
from 1421 kcal in 1961 to 2950 kcal in 2017 as shown in Figure 1. At the same time, the diet pattern
changed. In 1961, the main components of Chinese residents’ diet were those starchy foods such as
cereals and tubers, which contributed 78% of energy intake, while white meats were the least consumed
(only 13 kcal per day). There had been an appropriate increase in animal-based foods such as meats,
eggs and dairy products since 1983. By 2017, the per capita calorie intake of red meats and vegetables
& fruits, had increased by 16 times and nine times, respectively. The intake of cereals, roots, and tubers
went down to half of total daily calories intake. It can be seen that, with the growing income, people’s
consumption center was gradually turning to animal-based foods which is rich in protein. Noticeably,
cereals, roots and tubers remained as an important source of calories for Chinese and its proportion of
daily calorie intake still ranked first.
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Figure 1. The change of food consumption from 1961 to 2017.

3.1.1. Water Footprints Embodied in Food Consumption from 1961 to 2017

We assessed the change of virtual water embodied in the consumption of seven categories of
food, as shown in Figure 2a. Per capita water footprint of China’s food consumption is on the rise as
shown in Figure 3a; it increased from 316 m3 in 1961 to 1144 m3 in 2017. As shown in Figure 2a, in 1961,
cereals had the largest water footprint with around 130 cubic kilometers. The total water footprint was
211cubic kilometers. Since 1961, the water footprint of other categories of food had also been increasing
rapidly, the most obvious of which were red meats, vegetables and fruits. The water footprint of the
consumption of cereals, roots and tubers had remained stable. In 2017, the water footprint of red meat
consumption was the highest, at 424 cubic kilometers, because red meats contain more virtual water
than cereals, while Chinese residents are consuming more red meats. Ranked second is cereals with
297 cubic kilometers. The water footprint of consumption of vegetables & fruits reached 250 cubic
kilometers. In 2017, the total water footprint of food consumption was 1454 cubic kilometers. Water is
becoming an increasingly important energy source for food consumption. Red meats have replaced
cereals to become the main culprit of water shortage.
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Figure 2. Water, carbon, and ecological footprints of China’s food consumption from 1961 to 2017.
(a) water footprint; (b) carbon footprint; (c) ecological footprint.
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Figure 3. Per capita water, carbon, and ecological footprints of China’s food consumption from 1961 to
2017. (a) per capita water footprint; (b) per capita carbon footprint; (c) per capita ecological footprint.

3.1.2. Carbon Emission Embodied in Food Consumption

The trend change of the carbon footprint of China’s food consumption is similar to that of water
footprints, with an overall upward trend, as shown in Figure 2b. From 1961 to 2017, per capita carbon
footprint increased from 327 kg CO2 equivalents to 2681 kg CO2 equivalents. In 1961, the consumption
of cereals produced the most carbon emission, with 108 million tonnes of CO2eq, and the total carbon
emission in that year was 219 million tonnes of CO2eq. Around 1981, the carbon emission from cereals
began to stabilize, while the carbon emissions from other foods began to increase significantly. The
most obvious changes were seen in animal-based foods, vegetables and fruits. Carbon emissions from
red meats consumption increased from 9.5 million tonnes of CO2eq in 1961 to 396 million tonnes
of CO2eq in 2017; carbon emissions from vegetables and fruits increased from 51.5 million tonnes
of CO2eq in 1961 to 500 million tonnes of CO2eq in 2017. In 2017, the carbon emission from food
consumption was 1683 million tonnes of CO2eq, of which the consumption of fruits and vegetables was
the most, followed by the consumption of red meats, which was 395 million tones of CO2eq. However,
the carbon emissions from the consumption of beans remained stable from 1961 to 2017, and were far
smaller than meats.

3.1.3. Ecological Footprints of Food Consumption

The ecological footprint of Chinese residents’ food consumption is shown in Figure 2c. Overall,
the ecological footprint of food consumption is increasing year by year. In 1961, the main factor causing
pressure on ecological carrying capacity was the consumption of cereals, which was 531 billion gm2

out of the total amount of 1544 billion gm2. Since 1981, the ecological load-bearing pressure caused by
cereals consumption has been stable, but the ecological footprint of other kinds of food consumption
has started to increase significantly, while the ecological footprint of bean food consumption has been
stable. The most obvious signs of growth are animal-based foods. In 2017, the ecological footprint for
food consumption was 12 thousand billion gm2. Among them, the ecological footprint of vegetables
and fruits was 1.4 thousand billion gm2; red meats consumption was 2.3 thousand billion gm2; white
meats consumption even reaches 4 thousand billion gm2. Compared with water footprint and carbon
footprint, white meats contributed a larger proportion of the total ecological footprint.

3.2. The Contribution of Three Drivers Ofenvironmental Pressure

Figure 4a shows the contribution of population, energy intake, and diet pattern to water footprints.
During the most of period, the increase of population, energy intake per capita, and the transition of
diet pattern positively contributed to the increase of water footprints. Before 1983, the contribution of
diet pattern was close to zero because the diet pattern during that period almost unchanged. After
1983, the newly changed diet pattern in China began to consume more water than before. Before 1999,
the contribution of population was the highest while that of diet pattern was the lowest, but since 1999,



Int. J. Environ. Res. Public Health 2020, 17, 1803 8 of 12

the contribution of people’s energy intake and diet pattern both have exceeded that of population and
by 2001, Chinese diet pattern has contributed the most to water footprint.Int. J. Environ. Res. Public Health 2020, 17, x 8 of 12 
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Figure 4. Drivers of water, carbon, and ecological footprints of China’s food consumption from 1961 to
2017. (a) water footprint; (b) carbon footprint; (c) ecological footprint.

A similar pattern can be observed for carbon footprint and ecological footprint as shown in
Figure 4b,c. The diet pattern of China started to contribute to carbon footprint from 1983 and to
ecological footprint from 1984. Before 1995, the population in China contributed the most but after
1995, population has become the least important driver of environmental footprints while the diet
pattern has become the biggest contributor. By 2017, the contribution of the diet pattern in China to all
environmental footprints assessed has been far more than other drivers.
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4. Discussion

From 1961 to 2017, the per capita energy intake in China increased by more than two times. At the
same time, the food consumption was changing from cereals-preferred to meats-preferred, especially
red meats. Such a food consumption pattern indicates the rapid improvement of residents’ living
standards, but at the same time, it also aggravates the issue of degrading environment. China is rich in
natural resources, but the per capita availability of resources is very low. Therefore, the environmental
problems caused by the transformation of China’s food consumption are severe. The current resource
consumption rate has exceeded the increasing rate carrying capacity of the environment [43,44]. We
assessed changes in water, carbon, and ecological footprints for different categories of food. We found
that the environmental footprints corresponding to food consumption are increasing rapidly. Although
cereals are still the main sources of calories, they are no longer the main factors of environmental
pressure. The main consumption of water resources is red meats; the main consumption causing carbon
emissions is vegetables & fruits; the main consumption causing ecological area carrying pressure is
white meats. These three categories of foods are also the main categories of future diet patterns. White
meats are always encouraged by health diet guidelines as a source of protein, but we need to be aware
of its potential high ecological footprint. Plant-based foods indeed have lower carbon intensities than
meats. For instance, the carbon intensity is 0.93 kg CO2eq kg−1 for vegetables, while that of meats
ranges from 3.41 kg CO2eq kg−1 of poultry to 31.36 kg CO2eq kg−1 of beef. Vegetables have occupied a
relatively large proportion in the diet of Chinese residents. In 2017, the total consumption of vegetables
is 377 kg per capita while that of meats is only 59 kg per capita. This is the reason why vegetables
contributed to a large part of the carbon footprint. Still unhealthy, the current Chinese diet consumes
too much red meat. For example, in 2017, the daily red meat intake is 163 g per capita, which is
much higher than recommends from China’s dietary guidance (50–75 g per day). Therefore, we can
conclude that if Chinese residents eat less meats, especially red meats, and more low-CF foods, the
food consumption will be more sustainable, the carbon footprint will decrease as well. It is necessary
to improve the residents’ environmental awareness, and encourage them adopt a sustainable and
balanced diet.

In order to find out which factors cause the greatest environmental pressure in the structure of
population, energy intake, and food consumption, this study used the LMDI method to decompose the
change of water, carbon, and ecological footprints. The results show that, in the 1980s, the pressure
of food consumption on the environment mainly came from the increases of population and per
capita energy intake, while the environmental pressure of food consumption in China today mainly
comes from an unsustainable diet pattern. Chinese residents now prefer to eat more those foods with
high environmental footprints, while the foods with lower environmental footprint are out of favor.
According to the planet healthy diet proposed by Lancet, people’s diet can be transformed into one that
can supplement enough nutrition without causing excessive body load while reducing environmental
pressure, but it is very difficult to restrict people’s diet, so the improvement of technology is still
necessary. Although the per capita energy intake is already 3000 kcal per day (2017), obesity and
undernutrition still co-exist in Current China, as a result of the uneven distribution of food and food
waste. We suggest the government to pay attention to this issue and encourage people to have a
healthy diet (e.g., reducing calorie intake for obesity people) and reduce food waste. This can help to
reduce the per capita energy intake and thereby reduce the environmental footprint. In addition, trade
expansion can also be taken into consideration. China’s “Belt and Road” plan intends to import high
demand cereals from the cooperative countries. According to the principle of comparative advantage,
it can save resources and meet the domestic demand for food to the maximum extent. As for the
environmental impacts of the transportation, currently the consensus is that countries can pay an
extra tax to correct the externality. But it’s actually hard to implement without a global government.
Moreover, it’s necessary to consider the local industry under global trade, accounting for possible
unemployment and competition. So, we need to weigh the loss of GDP against the benefit of trade. In
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this case, future assessment is needed to compare the net social impact of the excess food production
and transportation.

China’s population may potentially continue to grow in the next decade, especially with the
implementation of the two-child policy. Thus, the only effective and sustainable route to mitigate
the environmental pressure from food consumption is to adopt an environmental-friendly diet, e.g.,
eating less red meat. This would be beneficial for both human’s health and environment to reduce red
meats and make up the calorie loss using white meats and vegetables, because: (1) China’s dietary
guidance suggests people to intake more vegetables and claims that white meats (especially fish) are
more healthy than red meats; (2) white meats and vegetables contain lower environmental footprints
than red meats (as shown in Table 1). As for the protein loss, it can be made up by white meats and
legumes. White meats and legumes contain lower environmental footprints than red meats and are
encouraged by China’s dietary guidance due to their high contents of protein. The environmental
impact of above foods will be tolerable if they are ingested in a moderate and sustainable way. Future
research is needed to compare the footprints of different diet patterns intake in order to propose a
sustainable diet with certain proportion of different foods. The environmental footprint also can be
further lowered by reducing the calorie intake. The per capita energy intake in 2017 already reached
3000 kcal per day, so people should be encouraged to reduce food waste and excessive intake; by doing
this, per capita calorie intake can be lowered and thereby the environmental footprint can be reduced.
The change of diet habit can’t be achieved in a short time, so the change from the production side is
more imperative. Efforts from the production-side, e.g., enhancing yield and improving production
efficiency, are encouraged to further lower environmental footprint.

5. Conclusions

This paper investigates the trend of environmental footprint of food consumption in China from
1961 to 2017 and examines its driving factors. According to China’s historical food consumption data,
the per capita calorie intake in 2017 was more than two times than that in 1961; besides, the diet
pattern has also undergone a significant transition in which animal-based foods were consumed more.
This resulted in an increasingly environment pressure and a great challenge to sustainability. In the
past decades, the water, carbon, and ecological footprints of food production have risen by nearly
three times. The main contributor to environmental footprint was cereals in 1961 and then shifted to
animal-based foods in 2017. The current Chinese diet pattern is imposing environmental pressure.

We used the LMDI method to identify the main drivers of growing environmental footprints,
including population, per capita energy intake, and diet pattern. We found that, before the 1990s,
the population had always been the main driver of increasing environmental footprint, but from the
1980s, the diet pattern started to take effect. After the end of the 1990s, the diet pattern exceeded
population and energy intake, becoming the main reason for the growing footprint. The results of this
study highlight the role of diet pattern in environmental footprint, and implicate the necessity and
significance of adopting a sustainable diet for China.

Author Contributions: Conceptualization, L.C.; Data curation, Y.L.; Formal analysis, Y.C. and Y.L.; Investigation,
Y.C.; Methodology, L.C.; Supervision, L.C.; Visualization, Y.C.; Writing—original draft, Y.C.; Writing—review &
editing, L.C. and X.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Beijing Natural Science Foundation (9204027).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, Y.; Wang, L.-E.; Cheng, S. Spatiotemporal variability in urban HORECA food consumption and its
ecological footprint in China. Sci. Total. Environ. 2019, 687, 1232–1244. [CrossRef] [PubMed]

2. Elferink, E.; Nonhebel, S.; Moll, H. Feeding livestock food residue and the consequences for the environmental
impact of meat. J. Clean. Prod. 2008, 16, 1227–1233. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2019.06.148
http://www.ncbi.nlm.nih.gov/pubmed/31412458
http://dx.doi.org/10.1016/j.jclepro.2007.06.008


Int. J. Environ. Res. Public Health 2020, 17, 1803 11 of 12

3. Eshel, G.; Shepon, A.; Makov, T.; Milo, R. Land, irrigation water, greenhouse gas, and reactive nitrogen
burdens of meat, eggs, and dairy production in the United States. Proc. Natl. Acad. Sci. USA 2014, 111,
11996–12001. [CrossRef]

4. Liu, J.; Savenije, H.H.G. Food consumption patterns and their effect on water requirement in China. Hydrol.
Earth Syst. Sci. 2008, 12, 887–898. [CrossRef]

5. Gunnarsson, S.; Lerner, H.; Bo, A.; Nordgren, A. Meat production, climate change and ethics. In Proceedings
of the Animal Hygiene & Sustainable Livestock Production Xvth International Congress of the International
Society for Animal Hygiene, Vienna, Austria, 3–7 July 2011.

6. Thornton, P.; Herrero, M. Potential for reduced methane and carbon dioxide emissions from livestock and
pasture management in the tropics. Proc. Natl. Acad. Sci. USA 2010, 107, 19667–19672. [CrossRef] [PubMed]

7. Savenije, H.H. Foreword Water scarcity, water conservation and water resources valuation. Phys. Chem.
Earth, Part B Hydrol. Oceans Atmosphere 2000, 25, 191. [CrossRef]

8. Mózner, Z.V. Sustainability and consumption structure: Environmental impacts of food consumption clusters.
A case study for Hungary. Int. J. Consum. Stud. 2014, 38, 529–539. [CrossRef]

9. Rushforth, R.; Adams, E.A.; Ruddell, B.L. Generalizing ecological, water and carbon footprint methods and
their worldview assumptions using Embedded Resource Accounting. Water Resour. Ind. 2013, 1, 77–90.
[CrossRef]

10. Song, G.; Li, M.; Semakula, H.M.; Zhang, S. Food consumption and waste and the embedded carbon, water
and ecological footprints of households in China. Sci. Total. Environ. 2015, 529, 191–197. [CrossRef]

11. Fang, K.; Heijungs, R.; De Snoo, G.R. Theoretical exploration for the combination of the ecological, energy,
carbon, and water footprints: Overview of a footprint family. Ecol. Indic. 2014, 36, 508–518. [CrossRef]

12. Zhang, Y.; Tian, Q.; Hu, H.; Yu, M. Water Footprint of Food Consumption by Chinese Residents. Int. J.
Environ. Res. Public Health 2019, 16, 3979. [CrossRef] [PubMed]

13. Yang, C.; Cui, X. Global Changes and Drivers of the Water Footprint of Food Consumption: A Historical
Analysis. Water 2014, 6, 1435–1452. [CrossRef]

14. He, P.; Baiocchi, G.; Feng, K.; Hubacek, K.; Yu, Y. Environmental impacts of dietary quality improvement in
China. J. Environ. Manag. 2019, 240, 518–526. [CrossRef] [PubMed]

15. Chen, Z.; Xu, C.; Ji, L.; Feng, J.; Li, F.; Zhou, X.; Fang, F. Effects of multi-cropping system on temporal and
spatial distribution of carbon and nitrogen footprint of major crops in China. Glob. Ecol. Conserv. 2020, 22,
e00895. [CrossRef]

16. Lin, J.; Hu, Y.; Cui, S.; Kang, J.; Xu, L. Carbon footprints of food production in China (1979–2009). J. Clean.
Prod. 2015, 90, 97–103.

17. Feng, W.; Zhang, B.; Zhang, B.; Beiming, C.; Bing, Z. A Bite of China: Food consumption and carbon emission
from 1992 to 2007. China Econ. Rev. 2020, 59, 100949. [CrossRef]

18. Xu, X.; Lan, Y. A comparative study on carbon footprints between plant- and animal-based foods in China. J.
Clean. Prod. 2016, 112, 2581–2592. [CrossRef]

19. Lacour, C.; Seconda, L.; Allès, B.; Hercberg, S.; Langevin, B.; Pointereau, P.; Lairon, D.; Baudry, J.;
Kesse-Guyot, E. Environmental Impacts of Plant-Based Diets: How Does Organic Food Consumption
Contribute to Environmental Sustainability? Front. Nutr. 2018, 5, 1–13.

20. Kim, B.F.; Santo, R.E.; Scatterday, A.P.; Fry, J.P.; Synk, C.M.; Cebron, S.R.; Mekonnen, M.M.; Hoekstra, A.Y.;
De Pee, S.; Bloem, M.W.; et al. Country-specific dietary shifts to mitigate climate and water crises. Glob.
Environ. Chang. 2019, 101926. [CrossRef]

21. Chen, N.-D.; Gao, W.-S.; Chen, Y.-Q.; Zhang, Q. Ecological footprint analysis of food consumption of rural
residents in China in the latest 30 years. Agric. Agric. Sci. Procedia 2010, 1, 106–115. [CrossRef]

22. Hoekstra, A.Y. Human appropriation of natural capital: A comparison of ecological footprint and water
footprint analysis. Ecol. Econ. 2009, 68, 1963–1974. [CrossRef]

23. Cao, S.; Zhang, W.; Chen, Q. Ecological footprint of food consumption in China: 1982–2004. Ecol. Econ. 2007,
3, 18–28.

24. Poore, J.; Nemecek, T. Reducing food’s environmental impacts through producers and consumers. Science
2018, 360, 987–992. [CrossRef] [PubMed]

25. Springmann, M.; Clark, M.; Mason-D’Croz, D.; Wiebe, K.; Bodirsky, B.L.; Lassaletta, L.; De Vries, W.;
Vermeulen, S.J.; Herrero, M.; Carlson, K.M.; et al. Options for keeping the food system within environmental
limits. Nature 2018, 562, 519–525. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1402183111
http://dx.doi.org/10.5194/hess-12-887-2008
http://dx.doi.org/10.1073/pnas.0912890107
http://www.ncbi.nlm.nih.gov/pubmed/20823225
http://dx.doi.org/10.1016/S1464-1909(00)00002-2
http://dx.doi.org/10.1111/ijcs.12130
http://dx.doi.org/10.1016/j.wri.2013.05.001
http://dx.doi.org/10.1016/j.scitotenv.2015.05.068
http://dx.doi.org/10.1016/j.ecolind.2013.08.017
http://dx.doi.org/10.3390/ijerph16203979
http://www.ncbi.nlm.nih.gov/pubmed/31635275
http://dx.doi.org/10.3390/w6051435
http://dx.doi.org/10.1016/j.jenvman.2019.03.106
http://www.ncbi.nlm.nih.gov/pubmed/30999146
http://dx.doi.org/10.1016/j.gecco.2019.e00895
http://dx.doi.org/10.1016/j.chieco.2016.06.007
http://dx.doi.org/10.1016/j.jclepro.2015.10.059
http://dx.doi.org/10.1016/j.gloenvcha.2019.05.010
http://dx.doi.org/10.1016/j.aaspro.2010.09.013
http://dx.doi.org/10.1016/j.ecolecon.2008.06.021
http://dx.doi.org/10.1126/science.aaq0216
http://www.ncbi.nlm.nih.gov/pubmed/29853680
http://dx.doi.org/10.1038/s41586-018-0594-0
http://www.ncbi.nlm.nih.gov/pubmed/30305731


Int. J. Environ. Res. Public Health 2020, 17, 1803 12 of 12

26. Davis, K.F.; Gephart, J.A.; Emery, K.; Leach, A.M.; Galloway, J.; D’Odorico, P. Meeting future food demand
with current agricultural resources. Glob. Environ. Chang. 2016, 39, 125–132. [CrossRef]

27. He, G.; Zhao, Y.; Wang, L.; Jiang, S.; Zhu, Y. China’s Food Security Challenge: Effects of Food Habit Changes
on Requirements for Arable Land and Water. J. Clean. Prod. 2019, 229, 739–750. [CrossRef]

28. Van Dooren, C.; Marinussen, M.; Blonk, H.; Aiking, H.; Vellinga, P. Exploring dietary guidelines based
on ecological and nutritional values: A comparison of six dietary patterns. Food Policy 2014, 44, 36–46.
[CrossRef]

29. Clonan, A.; Holdsworth, M. The challenges of eating a healthy and sustainable diet. Am. J. Clin. Nutr. 2012,
96, 459–460. [CrossRef]

30. Donati, M.; Menozzi, D.; Zighetti, C.; Rosi, A.; Zinetti, A.; Scazzina, F. Towards a sustainable diet combining
economic, environmental and nutritional objectives. Appetite 2016, 106, 48–57. [CrossRef]

31. FAO. Food Balances of China from 1961 to 2017. Available online: http://www.fao.org/faostat/en/#data/FBSH
(accessed on 2 January 2020).

32. Hoekstra, A.Y.; Mekonnen, M.M. The water footprint of humanity. Proc. Natl. Acad. Sci. USA 2012, 109,
3232–3237. [CrossRef]

33. Chapagain, A.; Hoekstra, A.Y. The blue, green and grey water footprint of rice from production and
consumption perspectives. Ecol. Econ. 2011, 70, 749–758. [CrossRef]

34. Hess, T.; Andersson, U.; Mena, C.; Williams, A. The impact of healthier dietary scenarios on the global blue
water scarcity footprint of food consumption in the UK. Food Policy 2015, 50, 1–10. [CrossRef]

35. Liao, X.; Chai, L.; Xu, X.; Lu, Q.; Ji, J. Grey water footprint and interprovincial virtual grey water transfers for
China’s final electricity demands. J. Clean. Prod. 2019, 227, 111–118. [CrossRef]

36. Mekonnen, M.; Hoekstra, A.Y. The Green, Blue and Grey Water Footprint of Farm Animals and Animal
Products; Value of Water Research Report Series No. 48; UNESCO-IHE Institute for Water Education: Delft,
The Netherlands, 2010.

37. Mekonnen, M.M.; Hoekstra, A.Y. The green, blue and grey water footprint of crops and derived crop products.
Hydrol. Earth Syst. Sci. 2011, 15, 1577–1600. [CrossRef]

38. Galli, A.; Wiedmann, T.; Ercin, E.; Knoblauch, D.; Ewing, B.; Giljum, S. Integrating Ecological, Carbon and
Water footprint into a “Footprint Family” of indicators: Definition and role in tracking human pressure on
the planet. Ecol. Indic. 2012, 16, 100–112. [CrossRef]

39. Kyoto Protocol; United Nations Framework Convention on Climate Change: Kyoto, Japan, 1997.
40. DFEP. The Literature Database of Reviewed LCA Studies on Foods. 2013. Available online:

https://www.barillacfn.com/m/publications/pp-double-pyramid-healthy-diet-for-people-sustainable-for-
the-planet.pdf (accessed on 2 January 2020).

41. Wackernagel, M.; Schulz, N.B.; Deumling, D.; Linares, A.C.; Jenkins, M.; Kapos, V.; Monfreda, C.; Loh, J.;
Myers, N.; Norgaard, R.; et al. Tracking the ecological overshoot of the human economy. Proc. Natl. Acad.
Sci. USA 2002, 99, 9266–9271. [CrossRef]

42. Ang, B.; Zhang, F.; Choi, K. Factorizing changes in energy and environmental indicators through
decomposition. Energy 1998, 23, 489–495. [CrossRef]

43. Ye, W.; Xu, X.; Wang, H.; Wang, H.; Yang, H.; Yang, Z. Quantitative assessment of resources and environmental
carrying capacity in the northwest temperate continental climate ecotope of China. Environ. Earth Sci. 2016,
75, 1–15. [CrossRef]

44. Cao, S.; Chen, L.; Liu, Z. Disharmony between Society and Environmental Carrying Capacity: A Historical
Review, with an Emphasis on China. AMBIO J. Hum. Environ. 2007, 36, 409–415. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.gloenvcha.2016.05.004
http://dx.doi.org/10.1016/j.jclepro.2019.05.053
http://dx.doi.org/10.1016/j.foodpol.2013.11.002
http://dx.doi.org/10.3945/ajcn.112.044487
http://dx.doi.org/10.1016/j.appet.2016.02.151
http://www.fao.org/faostat/en/#data/FBSH
http://dx.doi.org/10.1073/pnas.1109936109
http://dx.doi.org/10.1016/j.ecolecon.2010.11.012
http://dx.doi.org/10.1016/j.foodpol.2014.10.013
http://dx.doi.org/10.1016/j.jclepro.2019.04.179
http://dx.doi.org/10.5194/hess-15-1577-2011
http://dx.doi.org/10.1016/j.ecolind.2011.06.017
https://www.barillacfn.com/m/publications/pp-double-pyramid-healthy-diet-for-people-sustainable-for-the-planet.pdf
https://www.barillacfn.com/m/publications/pp-double-pyramid-healthy-diet-for-people-sustainable-for-the-planet.pdf
http://dx.doi.org/10.1073/pnas.142033699
http://dx.doi.org/10.1016/S0360-5442(98)00016-4
http://dx.doi.org/10.1007/s12665-016-5607-4
http://dx.doi.org/10.1579/0044-7447(2007)36[409:DBSAEC]2.0.CO;2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology and Materials 
	Food Consumption Data 
	Water Footprint (WF) of Food Consumption 
	Carbon Footprint (CF) of Food Consumption 
	Ecological Footprint (EF) of Food Consumption 
	Environmental Footprint Intensity 
	Logarithmic Mean Divisia Index(LMDI) 

	Results and Discussion 
	The Diet Change of Chinese Residents from 1961 to 2017 
	Water Footprints Embodied in Food Consumption from 1961 to 2017 
	Carbon Emission Embodied in Food Consumption 
	Ecological Footprints of Food Consumption 

	The Contribution of Three Drivers Ofenvironmental Pressure 

	Discussion 
	Conclusions 
	References

